A gas pressure of 68 atm, elicited by helium-oxygen gas mixtures, reduced the susceptibility to penicillin of Staphylococcus aureus but not of Streptococcus pyogenes. The elevated pressure also caused a reduction in the binding of "4C-penicillin to S. aureus, but not to S. pyogenes. When these studies were extended to glycine incorporation, it was shown that, even without penicillin, pressurization reduced glycine incorporation into the cell wall of S. aureus. Incorporation into other cellular components was not altered by pressurization. Cells grown in a pressurized environment were slightly more susceptible than those grown at 1 atm to rapid change in osmotic pressure. In the presence of penicillin, glycine incorporation into the cell wall was reduced to the same low level at 68 atm and at 1 atm. These results suggest that pressurization renders S. aureu8 less susceptible to penicillin because it reduces the enzymatic activity of the binding component on the cell, a penicillin-sensitive transpeptidase.
We previously reported that the susceptibility of Staphylococcus aureus to several antibiotics was significantly altered by a pressure of 68 atm with helium-oxygen or helium gas (6, 7) . With penicillin, for example, a standard broth dilution method showed the minimal inhibitory concentration (MIC) in pressurized cultures to be 20 to 37% higher, depending on the strain tested, than in nonpressurized cultures. In the case of Streptococcus pyogenes, by contrast, pressurization resulted in no demonstrable alterations in antibiotic susceptibility (6) . In the studies here described we have attempted to relate the pattern of reduced penicillin susceptibility to an alteration in binding of penicillin to cell wall components of pressurized cells.
MATERIALS AND METHODS
Penicillin binding determinations. Preparation of cells and methods used for measuring penicillin binding were modifications of those described by Edwards and Park (2) . Cultures of S. aureus ATCC 13301 and S. pyogenes ATCC 11435 were grown statically for 18 hr at 37 C in Difco brain heart infusion (BHI) broth. The cells were subcultured in fresh BHI and incubated for an additional 2 to 3 hr. While in the logarithmic growth phase, the cells were harvested by centri- 1 From Bureau of Medicine and Surgery, Navy Department, Research task M4306.02-8000BCK9. fugation, washed three times in pH 7.0 phosphatebuffered saline (PBS), and resuspended in PBS to a dry-weight concentration of 2.5 mg/ml in the case of S. aureus and 5.0 mg/ml for S. pyogenes. The cell suspensions, in 0.8-ml portions, were pipetted into one chamber of a series of doublechambered flasks (1) . The other chamber of the series received 0.8 ml of buffer containing benzylpenicillin-4C-potassium (specific activity, 45 mCi/mmole; Amersham-Searle Corp., Arlington Heights, Ill.) at 10 concentrations over a range of 0.4 to 40 JAg/ml for S. aureus and 0.01 to 0.40 ,sg/ml for S. pyogenes. Pressurization of the flasks in pressure vessels with normoxic helium-oxygen gas, handling of control flasks in room air, mixing of cell suspensions with radioactive penicillin to initiate the binding reaction, and depressurization of the vessels were all as previously described (1, 8) . After 40 min of reaction time, the vessels were opened, and 0.8 ml of each reaction mixture was added to an equal volume of buffer containing 1 mg of unlabeled potassium penicillin G/ml (Pfizer Co., Inc., Groton, Conn.). Samples, 0.8 ml, of each mixture were filtered (0.45-Mm pore size, Millipore Corp.), and the ifiters were then washed with 10 ml of unlabeled penicillin in buffer followed by washing with 5 ml of water. Radioactivity remaining on In a series of tests designed to measure total incorporation of glycine, rather than glycine incorporation only into cell wall mucopeptide, the cells were suspended in BHI, instead of phosphate buffer, and the reaction samples were precipitated with cold, instead of hot, trichloroacetic acid.
Additionally, for these tests, the concentrationi of 14C-glycine was reduced from 0.83 to 0.083 pCi/ml of reaction mixture.
Cell fragility determinations. A series of 5-ml portions of BHI supplemented with 1 M NaCl was inoculated with cells from an 18-hr broth culture. One half of the test tubes were pressurized to 68 atm, and the other half were held as nonpressurized controls. When growth, as me;wured by optical density readings at 600 nm, had increased from 0.1 to 0.35 (about 3 hr), the cultures of each set, those held at 68 atm and those held at 1 atm, were pooled and centrifuged; the cells were resuspended in distilled water and incubated at 37 C. The cells were tested for viability by standard plating methods just before anid 1 and 24 hr after centrifugation and resuspension in distilled water.
RESULTS
Sugiiiaka et al. (9) reported that peniicillin exerts its antibacterial effect on S. aureus by binding irreversibly to the major binding component located on the cytoplasmic membrane.
Their experiments also showed that S. aureus possesses a penicillin-sensitive transpeptidase. Edwards and Park (2) indicated that the binding component in S. aureus is probably murein transpeptidase, since penicillin inhibits the crosslinking reaction specific to that enzyme. Using the methods of Edwards and Park (2), we studied the effect of pressurization at 68 atm on binding of radioactive penicillin by both S. aureus and S. pyogenes. Results, as typified by plots in Fig. 1 and 2 , indicate that binding in S. aureus, but not in S. pyogenes, was inhibited by pressurization. In the case of S. aureus, for example ( Fig. 1) , total binding after a 40-min reaction time was reflected by 1,230 counts/min at 1 atm and by 900 counts/min at 68 atm. In nine replicate tests, the counts per minute at 68 atm ranged from 1,007 to 1,780 (mean SE = 1,282 4 92) and at 1 atm ranged from 611 to 1,338 (856 :1 68). The probability of random distribution (P) between the two groups was <0.01. Although these values were derived at the maximal penicillin concentration (40 ,ug/ml), comparable differences were obtained unaffected by pressurization, as shown in Fig. 2 , as well as in three additional replicate tests (not shown).
Glycine incorporation. As previously cited, penicillin binding inactivates an enzyme involved in cell wall synthesis (2, 4) . Inhibition of penicillin binding should therefore be reflected as an increase in transpeptidase mediated crosslinking. To determine whether such an increase occurred in pressurized cells, we studied 14C_ glycine incorporation by S. aureus in reaction mixtures containing chloramphenicol to inhibit cytoplasmic protein synthesis by methods which detect only cell wall mucopeptide synthesis. Results of a typical experiment are presented in Fig. 3 . Under the conditions of this experiment, added glycine incorporation was inhibited, in the absence of penicillin, by pressure itself. At 60 min, incorporated "4C-glycine at 1 atm amounted to about 6,200 counts/min whereas at 68 atm it was only about 4,800 counts/min, or 23% less. The range in seven replicate tests was 18 to 33% reduced incorporation, and the P value between these two groups was <0.02. Plate counts indicated that decreased incorporation did not reflect a concomitant loss in viability. In the presence of penicillin (12 ;Ag/ml), on the other hand, although a marked inhibition in total glycine incorporation resulted, the reduction due to pressure was Ino longer demonstrable. When parallel incorporation experiments were done under identical conditions, but without chloramphenicol in the reactioil mixtures, iilcorporation levels were noted to be relatively higher than the ones shown in Fig. 3 , but the influence of pressurization was comparable.
Further experiments with S. aureus, in which reactions were carried out in BHI rather than in phosphate buffer, were also done to show glycine incorporation by cytoplasmic protein as well as by cell wall mucopeptide. Typical results presented in Fig. 4 show that incorporation was essentially the same at 68 atm as at 1 atm. These findings thus indicate, in contrast to the results shown in Fig. 3 , that pressure did not affect overall glycine incorporation including incorporation into cell protein.
It appears from a comparison of the counts per minute ranges in Fig. 3 and 4 that overall incorporation of glycine was less than incorporation only into cell walls. However, as the figures show, cell numbers and glycine concentrations were much smaller in the former tests than in the latter (0.1 mg/ml compared to 0.02 mg/ml [dry weight] of cells and 0.83 ,Ci/ml compared to 0.083 ,uCi/ml for the "4C-glycine, respectively). Additionally, BHI used for the former tests also contains unknown concentrations of unlabeled glycine or substrates easily converted to glycine, which might further have reduced specific activity of the labeled glycine.
Cell fragility. Because of the finding that (Fig. 3) , it was of interest to determine whether pressurization thereby resulted in a defective cell wall and increased osmotic fragility. Such a determination was made by growing cells in osmotically stabilized BHI either at 68 atm or at 1 atm, followed by centrifugation and resuspension of the cells in distilled water. The results of plate counting done on the cells immediately prior to centrifugation and resuspension and again afterwards at 1 hr and at 24 hr are presented in Table 1 . As the data show, cell counts in the two cultures before resuspension were comparable (15 X 107/ml for the 1-atm cells and 14 X 107/ml for the 68-atm cells). After resuspension, however, although both cultures showed a marked loss in viability, losses in the 68-atm cells were greater than those in the 1-atm cells. At 1 hr, for example, the 1-atm count was 4.2 X 107/ml, representing a survival over the initial count of about 28%. The 68-atm count, on the other hand, was 3.2 X 107/ml, representing a survival of 23%. A similar pattern occurred at 24 hr: the 1-atm count was 2.8 X 107/ml and the 68 atm count was 1.8 X 107/ml. Survivals in this case were 19 and 13%, respectively. As indicated in Table 1 , the differences in count between 1-and 68-atm cells at 1 and 24 hr, although small, were highly reproducible, with a probability of random distribution (P) <0.001. It is thus apparent that cell wall strength of the cells was significantly reduced by their growth at a pressure of 68 atm.
DISCUSSION
Our results indicate that the previously demonstrated reduction in penicillin susceptibility of S. aureus elicited by pressurization to 68 atm (7) is accompanied by lesser penicillin binding. With S. pyogenes, in contrast, neither the MIC nor the binding was affected by pressurization. There is thus presumptive evidence that pressurization lessens the antibacterial activity of penicillin against S. aureus by reducing its binding to the bacterial cells. Concentrations of penicillin used in these binding experiments ranged around the MIC values for the two test microorganisms (6, 7) . The marked difference between the two ranges is ANTIMICROB. AG. CHEMOTHER. The finding that pressurization affects penicillin binding to S. aureus may, in turn, indicate that it affects glycine incorporation into the cell wall in the presence of penicillin. When we tested this possibility, we were confronted with the unexpected result that pressurization reduced glycine incorporation into the cell wall in the absence of penicillin. Overall glycine incorpora tion or growth was not affected, but it is apparrent from the results presented in Table 1 that cells generated under pressure were slightlry, but significantly, less resistant to osmotic pressure. Although it is not possible to preclude that increased fragility was a secondary effect, there is no indication from previous (6, 7) and present experiments that pressurization affected the kinetics of growth of S. aureus. The media used in these experiments conferred sufficient osmotic protection to the cells to mask any increased fragility.
As shown in Fig. 3 , penicillin reduced glycine incorporation into the cell wall to the same low level at 68 anid 1 atm. Thus, in comparison with respective incorporation in the absence of penicillin, the reduction was more marked at 1 than at 68 atm.
An observation that glycine incorporatioil into the cell wall of S. aureus is decreased in the presence of penicillin has not been previously reported. However, Hancock and Park (3) showed that chloramphenicol, in concentrations similar to those used in our experiments, inhibited cytoplasmic amino acid incorporation by 85 to 98% and glycine, specifically, by 90%. A comparable inhibition occurred in the case of cell wall components, but only with proliine, phenylalanine, and leucine (90, 92, and 95%, respectively). Glycine incorporation was inhibited by just 8%. Additionally, as mentioned before, the techniques we used in determining glycine incorporation were reported to be virtually specific for cell wall mucopeptide (5). We therefore consider that the penicillin-induced decrease in glycine incorporation actually occurred under the experimental conditions described in this study.
In conclusion, the results here presented suggest that reduced penicillin susceptibility of S. aureus at 68 atm in helium-oxygen is due to reduced binding of penicillin to the cell. Since the binding component appears to be a penicillinsensitive transpeptidase, possibly murein transpeptidase, this pressure effect may be due to lesser affinity of penicillin for the enzyme or reduced enzyme activity. The inhibition of glycine incorporation into the cell wall by 68 atm in the absence of penicillin may reflect reduced enzyme activity. Thus, increased resistance to penicillin of S. aureus at 68 atm may be the result of a reduction in the activity of the penicillin-sensitive transpeptidase.
